Greater biomass production at low [CO 2 ] in RBCS-sense plants was caused by an increase in the net assimilation rate, and associated with an increase in the amount of N uptake. Furthermore, Rubisco overproduction in RBCS-sense plants was also promoted at low [CO 2 ]. Although it seems that low [CO 2 ]-growth additionally stimulates the effect of RBCS overexpression, such a phenomenon observed at low [CO 2 ] was mediated through an increase in total leaf N content. Thus, the dependence of the growth improvement in RBCS-sense rice on growth [CO 2 ] was closely related to the degree of Rubisco overproduction which was accompanied not only by leaf N content but also by whole plant N content.
Introduction
Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) (EC 4.1.1.39) is both the key enzyme of photosynthesis and the most abundant leaf protein. This enzyme catalyzes two competing reactions, CO 2 fixation in photosynthesis and the oxygenation in the photorespiratory pathway, and is a ratelimiting factor for potential photosynthesis under the present atmospheric air conditions (Evans 1986 , Makino et al. 1997a ). In addition, it has been found that large amounts of N are invested in Rubisco protein, accounting for 15-30% of the total leaf N content in C 3 species (Evans 1989 , Makino et al. 1992 . Thus, Rubisco is closely related to potential photosynthesis as well as to the N economy in higher plants.
The impact of genetic modification of Rubisco content in a leaf on photosynthesis and biomass production has been examined. Rubisco is composed of eight small subunits, coded for by a nuclear multigene family (RBCS), and eight large subunits, coded for by a single gene (rbcL) in the chloroplast genome. Genetic modulation of Rubisco content was first established by transformation using an antisense RBCS construct in tobacco (Rodermel et al. 1988 , Hudson et al. 1992 ), a C 4 plant Flaveria bidentis (Furbank et al. 1996) and rice (Makino et al. 1997a ). In RBCS-antisense tobacco and rice, the photosynthetic rate at the present CO 2 levels declined in parallel with a decrease in Rubisco content (Hudson et al. 1992 , Makino et al. 1997a ) and the whole plant biomass was also decreased (Masle et al. 1993 , Makino et al. 2000 . On the other hand, little attention has been paid to whether transformation with a sense RBCS construct leads to overproduction of Rubisco. Meanwhile, although we successfully overproduced Rubisco by introducing sense RBCS with its own promoter (Suzuki et al. 2007) , such an overproduction of Rubisco in rice did not quantitatively lead to photosynthesis improvement (Makino and Sage 2007) . In addition, when the leaf had the same N content, there was no difference in the photosynthetic rate between the wild-type and RBCS-sense rice with increased Rubisco content (Suzuki et al. 2007 and 2009) . Neither did the whole plant biomass increase significantly when the plants were grown under the present atmospheric air conditions (Suzuki et al. 2009 ). An overproduction of Rubisco reduced N allocation to other N components (Suzuki et al. 2007 and 2009 ) and caused a partial deactivation of Rubisco in vivo Sage 2007, Suzuki et al. 2009 (Masle et al. 1993 , Makino et al. 2000 . Thus, increase and reduction in Rubisco content are expected to alter the dependence of biomass production on growth [CO 2 ] because Rubisco limitation in photosynthesis is strongly affected by [CO 2 ]. In addition, Rubisco content is also affected by growth [CO 2 ]. Many studies have shown that CO 2 enrichment reduces Rubisco content and that the decrease in Rubisco content by CO 2 enrichment is greater than that of other photosynthetic components (for a review, see Makino and Mae 1999) . On the other hand, at low [CO 2 ], although high expression of Rubisco can be one of the acclimation to low CO 2 to offset the limiting effects on carboxylation capacity, the response of Rubisco content varied among plant species (for a review, see Sage and Coleman 2001) . Thus, it is possible that the RBCS-sense or -antisense effect is amplified or suppressed in RBCS-transgenic rice plants under the conditions of different CO 2 levels.
In the present study, we analyzed RBCS-sense and -antisense rice plants grown at three different CO 2 levels: low [CO 2 ] (28 Pa), normal [CO 2 ] (40 Pa) and elevated [CO 2 ] (120 Pa). Biomass, N content and biomass allocation were examined at 63 d after germination and the growth rate was analyzed. In addition, Rubisco and Chl contents were examined in the uppermost fully expanded leaves and their relationships to leaf N content were analyzed. Finally, we examined how overproduction and reduction of Rubisco affect the whole plant growth in different CO 2 environments.
Results
In this study, we used RBCS-sense rice with 125% wild-type Rubisco (line S-26-8, Suzuki et al. 2007 ), RBCS-antisense rice with 35% wild-type Rubisco (line AS-71, Makino et al. 2000) and wild-type (non-transgenic) rice. The whole plant biomass and N contents including roots were examined at the 63 d after germination (Fig. 1) (Fig. 1A) . Thus, the low [CO 2 ] growth stimulated growth improvement in the RBCS-sense rice plants. On the other hand, the growth of RBCS-antisense plants was severely suppressed at low [CO 2 ] but the growth was ameliorated at elevated [CO 2 ] (Fig. 1A) . Total plant N content was also greater in the RBCSsense plants than in wild-type plants at low [CO 2 ] and there was no difference at elevated [CO 2 ] between them (Fig. 1B) . Similarly, the smallest N content was observed for the RBCSantisense rice plants. These alterations of plant N content were similar to those of biomass production. Actually, the difference in biomass production per N content was extremely small (Fig. 1C) . Thus, greater biomass was always associated with greater N uptake. The growth rate of three genotypes was analyzed from 21 to 63 d after germination (Fig. 2) . Relative growth rate (RGR), which had been estimated as the dry weight increment per dry weight per day, at low [CO 2 ] was significantly higher in RBCS-sense plants than in wild-type plants ( Fig. 2A) . This increase of RGR at low [CO 2 ] was accompanied by an increase in the net assimilation rate (NAR) (Fig. 2B) . RGR of RBCS-sense plants was not affected at normal and elevated [CO 2 ], although (Fig. 2C) . Thus, these growth analyses suggested that an increase in the whole-plant biomass in RBCS-sense plants grown at low [CO 2 ] was mainly caused by an increase in net assimilation capacity. The increased LAR in RBCSantisense plants may have been one of the compensation phenomena for suppressed photosynthesis due to the Rubisco-antisense effect (Fig. 2C) .
The accumulation of sucrose and starch was examined in each plant organ of the three genotypes (Fig. 3) . In RBCS-sense plants, carbohydrate concentration (sucrose + starch) was greater in leaf blades and sheaths at normal [CO 2 ] and in sheaths at elevated [CO 2 ] than in wild-type rice (Fig. 3A, B) . On the other hand, the concentrations in each plant organ at low [CO 2 ] were similar to those in wild-type plants ( Fig. 3A-C (Fig. 3D) .
Rubisco, Chl and total leaf N contents were examined on the uppermost fully expanded leaves of 63-to 70-day-old plants ( Fig. 4) (Fig. 4B) . Total leaf N content was significantly increased in RBCS-sense plants grown only at low [CO 2 ] (Fig. 4C) . To clarify (Fig. 5) . A regression line between Rubisco and total leaf N contents depended on each genotype, and the ratio of Rubisco to total leaf N increased with increasing leaf N content irrespective of genotype (Fig. 5A, B) . In addition, the data obtained with RBCSsense plants grown at low and elevated [CO 2 ] fell on the same line with RBCS-sense plants grown with different N levels under conditions of normal [CO 2 ] (Fig. 5A, B) . (Fig. 5A, B) . Thus, Rubisco content in the RBCS-transgenic rice plants appears to be also determined by leaf N content as in wild-type rice plants. (Fig. 1A) . This was caused by an increase in NAR, leading to an increase in RGR ( Fig. 2A, B) . Thus, overproduction of Rubisco clearly has an advantage for growth at low [CO 2 ]. As one of possible explanations for this, we consider that overproduction of Rubisco directly causes a greater biomass through small enhancement of potential photosynthesis. Actually, the photosynthetic rates at low and normal [CO 2 ] were a little higher in RBCS-sense plants than in wild-type plants when the rates are expressed per unit of Chl or per unit of leaf area (Makino and Sage 2007) , although the rate per leaf N content did not differ (Suzuki et al. 2007 ). On the other hand, the photosynthetic rate at elevated [CO 2 ] did not differ or was lower in the RBCS-sense rice plants (Makino and Sage 2007) . This may be the reason for cancellation of enhancement of biomass at elevated [CO 2 ]. Furthermore, greater biomass at low [CO 2 ] was associated with higher leaf N content as well as a large increase in Rubisco content (Fig. 4A, C) , which may be additional explanations for greater NAR. Such increases in Rubisco and leaf N contents were accompanied by an increase in whole plant N content (Fig. 4C, Fig. 1B) . Thus, the biomass enhancement of RBCS-sense rice plants may have also been achieved via a large increase in Rubisco content, which can consequently result in an increase in leaf N content and an increase in whole plant N content. However, it is not known how a large increase in Rubisco content is related to a promotion of plant N uptake in RBCSsense plants grown at low [CO 2 ]. Of course, greater biomass requires more N uptake. It is possible that overproduction of Rubisco leads to an enhancement of sink capacity for N uptake because Rubisco can be a large N pool in leaves. Similarly, in RBCS-antisense rice plants with decreased Rubisco content, total plant N content largely decreased. However, although RBCS-sense plants grown at elevated [CO 2 ] had still greater Rubisco content (Fig. 4A) , total plant N content at elevated [CO 2 ] did not differ between wild type and RBCS-sense rice plants (Fig. 1B) . The reason for this discrepancy in N demand in RBCS-sense plants between low and elevated [CO 2 ] is not known, but we previously found that CO 2 enrichment frequently leads to a decline in N demand (Makino et al. 1997b ). Meanwhile, RBCS-sense plants grown at normal [CO 2 ] showed declined levels of many amino acids (Suzuki et al. 2012 ) and accumulation of carbohydrates in this study (Fig. 3A, B) , which are typical phenomena for N deficiency. This change in C/N balance could possibly enhance N demand in RBCS-sense rice plants. Figure 4 shows that low [CO 2 ]-growth stimulated Rubisco overproduction. However, this response was attributed to responses related to an increase in total leaf N content in RBCS-sense plants grown at low [CO 2 ] rather than direct responses to low [CO 2 ]-growth, because the ratio of Rubisco to total leaf N in RBCS-sense plants increased with increasing leaf N content irrespective of growth [CO 2 ] (Fig. 5) . We previously found that when total leaf N content increases, Rubisco content always increases relative to other photosynthetic N components in many C 3 species including rice (Makino et al. 1992 and . On the other hand, elevated [CO 2 ] growth frequently reduced Rubisco content, and this decrease in Rubisco content by elevated [CO 2 ] was always greater than that of other photosynthetic N components (for a review, see Makino and Mae 1999) . However, these phenomena were also simply explained by a decrease in total leaf N content by CO 2 enrichment in rice (Nakano et al. 1997 ) and wheat (Theobald et al. 1998 (Figs. 4, 5) . Thus, changes in total leaf N content by [CO 2 ] led to greater changes in Rubisco contents in both RBCS-sense and antisense plants. This means that Rubisco content in RBCS-transgenic rice plants is also determined by leaf N content as in wild-type rice plants.
Discussion
We have previously suggested that N re-allocation from reduction of Rubisco content to RuBP regeneration related components is one of the strategies for an improvement of biomass at elevated CO 2 levels (Makino et al. 2000) . In the present study, it was demonstrated that overproduction of Rubisco was effective at lower CO 2 levels. However, the overproduction of Rubisco led to a decline in N allocation to other N components (Suzuki et al. 2007 (Suzuki et al. , 2009 ), leading to a partial deactivation of Rubisco in vivo Sage 2007, Suzuki et al. 2009 ). The mechanism(s) of a partial deactivation of Rubisco is not known in RBCS-sense rice plants, but such deactivation of Rubisco frequently occurs to maintain the balance between the in vivo capacities of Rubisco and other processes limiting photosynthesis when the photosynthetic limitation shifts to other processes rather than Rubisco (Mott et al. 1984 , Sage et al. 1988 . Our metabolome analysis with RBCS-sense rice plants indicates that the levels of 3-phosphoglycerate, sedoheptulose 7-phoshate and some photorespiratory metabolites increased but that RuBP, ATP and ADP levels were not affected (Suzuki et al. 2012) . From these results, it is considered that RuBP regeneration independent of ATP supply possibly limits photosynthesis. The candidates are some Calvin cycle and/or photorespiratory enzymes. Another possibility is that Rubisco activase limits Rubisco activation in RBCS-sense rice plants. Although several studies showed that Rubisco activase levels are in excess of that required for photosynthesis (Jiang et al. 1994 , Mate et al. 1996 , Yamori et al. 2012 , Fukayama et al. (2012) recently observed a negative correlation between Rubisco and Rubisco activase contents in transgenic rice plants with increased or decreased Rubisco activase content. Their results suggest that Rubisco activase content decreases in RBCS-sense plants. Thus, it is possible that a limitation by Rubisco activase occurs in RBCS-sense plants. In conclusion, overproduction of Rubisco is effective for biomass production at low [CO 2 ]. Greater biomass in rice plants with overexpressed RBCS is always associated with an increase in the amount of N uptake. Since this increase in N uptake leads to a greater increase in Rubisco content as well as leaf N content, these factors have an additional advantage for growth at low [CO 2 ]. However, a partial deactivation of Rubisco occurs in rice plants with overproduced Rubisco Sage 2007, Suzuki et al. 2009 ). This may be because overproduction of Rubisco disrupts the in vivo balance between RuBP carboxylation and RuBP regeneration or in vivo balance between Rubisco and Rubisco activase, If recovery from Rubisco deactivation in rice plants with overproduced Rubisco is successful, further photosynthetic improvement as well as biomass enhancement can be achieved by overproduction of Rubisco.
Materials and Methods

Plant materials and growth conditions
Rice (Oryza sativa L. cv. Notohikari) was transformed with OsRBCS2 cDNA in the sense orientation under the control of its own OsRBCS2 promoter, and transgenic lines with substantially increased Rubisco content were selected (Suzuki et al. 2007) . From these varieties, T3 progenies of the line Sr-26-8 (with about 125% of wild-type Rubisco) were used here. Non-transformed rice (Oryza sativa L. cv. Notohikari) and transgenic rice transformed with OsRBCS2 cDNA in the antisense orientation (AS-71 line with about 35% of wild-type Rubisco; Makino et al. 2000) were also used as controls.
Plants were grown hydroponically with continuous aeration in an environmentally controlled growth chamber (LPH-0.5P-SH; NK system, Osaka, Japan). The chamber was maintained with a 15 h photoperiod, 60% relative humidity and a photosynthetic photon flux density (PPFD) of 1000 mmol quanta m -2 s . Seeds of three genotypes were soaked in tap water at 30 C for 2 d, and the seedlings were grown on a plastic net floating on tap water for 21 d. Four seedlings each were then transplanted to 12 3.5-L plastic pots containing nutrient solution (4 pots per genotype). The basal hydroponic solution was described by Makino et al. (1994) . The nutrient solution was renewed once a week. The whole plants were sampled at 21 d and 63 to 70 d after germination. For growth analysis, great care was taken to select 4 to 6 uniform individuals per each genotype, and then the remaining plants were used for Rubisco, Chl and N determinations.
We used the same chamber for all CO 2 treatments, and each CO 2 treatment was replicated at least twice. For N nutrient treatment, plants were grown at 40 Pa CO 2 with three N concentrations (mM): 0.5 (0.25 mM NH 4 NO 3 ), 2.0 (1.0 mM NH 4 NO 3 ) and 8.0 (2.5 mM NH 4 NO 3 plus 3.0 mM NaNO 3 ) (Makino et al. 1994 ).
Growth analysis
The whole plants at 63 d were separated into leaf blades, leaf sheathes and roots, and then the total leaf area was measured with a leaf area meter (AMM-8; Hayashi-denko, Tokyo, Japan). Each part of the plant was dried at 80 C for more than 7 d, and its dry weight was measured. Stems did not develop in any genotypes during the experimental period, and their dry weights were negligible. For determination of total plant N, dried ground materials including leaf blades, leaf sheaths and roots were digested by the Kjeldahl digestion method. For determination of carbohydrates, plants at 63 d after germination were collected in the daytime (15:00).
Relative growth rate (RGR), net assimilation rate (NAR) and leaf area ratio (LAR) were calculated from total dry weight and leaf area, using the respective equations as below.
where W 1 and W 2 are total dry weights of the whole plant including roots at times t 1 (21 d) and t 2 (63 d).
where L 1 and L 2 are total leaf areas of the whole plant at times t 1 and t 2 .
Measurement of carbohydrates
Sucrose and starch were determined with the F-kit (Roche Diagnostics, Darmstadt, Germany). Dried ground materials were extracted four times with 80% (v/v) ethanol at 80 C (Nakano et al. 1997) , and the extract was pooled and concentrated by vacuum evaporation. The residue was dissolved in distilled water, and sucrose concentration was determined using an F-kit for D-glucose/ sucrose (Roche Diagnostics). The 80% ethanol-insoluble fraction was dried overnight at room temperature. Starch in the ethanol-insoluble fraction was extracted with 0.6 mL of dimethyl sulfoxide and 0.15 mL of 8 M HCl at 60 C for 30 min, and the pH was neutralized to between 4.0 and 5.0 with 0.1 mL of 2 M Na-acetate buffer (pH 4.5) and 8 M NaOH. The starch concentration was determined using an F-kit for starch (Roche Diagnostics).
Determinations of Rubisco, Chl and total leaf N contents
Uppermost fully expanded leaves from 63-to 70-day-old plants were immediately homogenized with a pestle and in a chilled mortar in 50 mM Na-phosphate buffer (pH 7.0) containing 2 mM iodoacetic acid, 120 mM 2-mercaptoethanol and 5% (v/v) glycerol. Total leaf N was determined from part of the homogenate before centrifugation (Makino et al. 1994) . The remaining homogenate was used for the determination of Rubisco and Chl contents. The Rubisco content was determined spectrophotometrically by formamide extraction of the Coomassie Brilliant Blue R-250-stained subunit bands from the gel (Makino et al. 1994 ) using calibration curves made with Rubisco purified from rice leaves. The Chl content was determined by the method of Arnon (1949) . The N content was determined with Nessler's reagent after Kjeldahl digestion (Makino et al. 1994 ).
Statistical analyses
Data are presented as the mean ± S.E. Tukey-Kramer's HSD test was performed with JMP (SAS Institute Inc., Cary, NC, USA).
